A vital property of the brain is its plasticity, which manifests as changes in behavioral performance. Invasive studies at the cellular level in animal models reveal time-restricted windows during which existing memories that are reactivated become susceptible to modification through reconsolidation, and evidence suggests similar effects in humans. In this review we summarize recent work utilizing noninvasive brain stimulation in humans to uncover the systems-level mechanisms underlying memory reconsolidation. This novel understanding of memory dynamics may have far-reaching clinical implications, including the potential to modulate reconsolidation in patients with memory disorders.
A vital property of the brain is its plasticity, which manifests as changes in behavioral performance. Invasive studies at the cellular level in animal models reveal time-restricted windows during which existing memories that are reactivated become susceptible to modification through reconsolidation, and evidence suggests similar effects in humans. In this review we summarize recent work utilizing noninvasive brain stimulation in humans to uncover the systems-level mechanisms underlying memory reconsolidation. This novel understanding of memory dynamics may have far-reaching clinical implications, including the potential to modulate reconsolidation in patients with memory disorders.
Memory consolidation and modification through reconsolidation Memory plays a crucial role in everyday life. It encompasses one's ability to recall an event that occurred in the past, retrieve knowledge that is stored in the brain, and execute motor skills that one has learned. From a cognitive perspective, memories are acquired (encoding), stored, maintained, and later retrieved (retrieval). The process that transforms the acquired information into long-term memory (LTM) is known as memory consolidation (see Glossary). The consolidation model assumes that memories are labile and unstable (i.e., susceptible to interference) for a limited time after encoding, but that as time passes, memories stabilize and become resistant to interference [1] .
Two levels of description and analysis are used to describe the consolidation process. Synaptic consolidation involves the activation of intracellular signaling cascades, modulation of gene expression, and synthesis of gene products that alter synaptic efficacy. This form of consolidation is completed within hours from its initiation [2] . Systems-level consolidation refers to the reorganization of LTM over distributed brain networks. This process may last from days to years, depending on the memory system [2] . In addition, sleep optimizes the consolidation of some types of newly encoded information in memory [3] .
It is now widely accepted that memories are dynamic, even after their initial stabilization through consolidation. Accumulating evidence has shown that consolidated Review Glossary Consolidation: the processes that stabilize memories after encoding, transforming them into long-term memory (LTM). Electroconvulsive therapy (ECT) or electroconvulsive shock: the application of a short-acting anesthesia followed by electrical stimulation to the cranium, evoking generalized seizure activity. The mechanism of action by which ECT affects memory and may disrupt reconsolidation remains largely unknown [5, 49] . Episodic memory: a type of declarative memory that refers to the conscious recollection of events [84] . It is mediated primarily by the prefrontal cortex (PFC) [27, 78, 85] and medial temporal lobe [85] , particularly the hippocampus. Variations in the strength of links between hippocampus and neocortex are at the heart of different studies in the field of memory consolidation [2] . The standard model of systems-level consolidation posits that encoding, storage, and retrieval of information is initially dependent on the hippocampus as well as on neocortical areas relevant to the encoded stimuli. Over time, this information reorganizes and becomes integrated in the neocortex and independent of the hippocampus [2] . An alternative model, the multiple-trace theory, posits that the links between hippocampal and cortical representations remain crucial, and thus the hippocampus is continuously involved in the storage and retrieval of memories [2] . Extinction training: manipulation in which the fear memory is diminished by repeated presentations of the conditioned stimulus without the aversive outcome. Functional connectivity: correlation between remote neurophysiological events in the temporal domain [86] . Nondeclarative memory: refers to processes in which learning has occurred, which is reflected in performance rather than through overt remembering (e.g., fear memories, procedural motor skills) [84] . Although memories created by aversive or rewarding reinforcement rely primarily on the PFC [25, 61, 87] and the amygdala [60, 61, 88] , memories of motor skills rely on activity in a distributed network that includes the motor cortex, striatum, and cerebellum [74] . Prediction error: a discrepancy between actual and expected events. It can be influenced by previous learning, reinforcement, or sensory information, and their relation to the actual subsequent events [16] [17] [18] [19] . Protein synthesis inhibitors: infused following memory encoding or reactivation to inhibit protein synthesis required for consolidation and reconsolidation, thereby identifying the regional processes involved and linking them with the behavioral expression of memory function [89] . Reconsolidation: the processes that re-stabilize the consolidated memories after reactivation. Vertex: the scalp midline location referring to the highest point of the skull. Commonly considered as a neutral stimulation site used to control for topographic specificity of the transcranial magnetic stimulation (TMS)-induced effects [70] .
memories can re-enter unstable states when they are reactivated during retrieval (i.e., the process of recalling or recognizing previous stored information) or by a reminder cue (i.e., external information that is associated with the stored information). These memories must then be consolidated again, or reconsolidated, to persist over longer periods of time [4, 5] . Thus, reconsolidation refers to the processes that re-stabilize the consolidated memories after reactivation [6] [7] [8] [9] . During the time-limited reconsolidation window, existing memories are vulnerable to modifications. There is evidence that memories can be strengthened, weakened or updated by the inclusion of new information through reconsolidation ( Figure 1 ) [6] [7] [8] [9] . However, reconsolidation does not occur every time the existing memory is reactivated. Different boundary conditions have been identified so far, such as the age of the memory [10, 11] , the strength of training [10, 12, 13] , the reactivation length [10, [13] [14] [15] , and the requirement of novel information at the time of the reactivation session (prediction error) [16] [17] [18] [19] .
In this review we refer to reconsolidation as the process that allows modification of memory strength or mediates updating of memory content by allowing the integration of new information into the original memory.
Most work on reconsolidation has been performed in animal models because this permits the use of invasive methods such as the infusion of protein synthesis inhibitors into designated brain areas to interfere with neural processes underlying memory (e.g., [4] ). However, noninvasive brain stimulation (NIBS) [20] has recently provided a powerful approach for studying brain function in humans. Indeed, transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) [20] have been used in the past few years to reveal the mechanisms underlying consolidation and reconsolidation of human memories.
Combining NIBS with neuroimaging [21] through interdisciplinary efforts has also yielded novel insights into human reconsolidation mechanisms at the brain network systems-level [22, 23] . This work, for example, demonstrates that modification of previously consolidated human motor skill memories is possible, and shows that processing in primary motor cortex (M1) during memory reactivation is essential for efficient reconsolidation of the memory [24] . In addition, correlated coactivations of M1 and dorsal striatum are altered following interference with a consolidated motor memory, revealing a network in which both regional activity and inter-regional functional connectivity are involved in the reactivation-reconsolidation process [22, 23] .
In addition to discussing reconsolidation of human motor skill memories, we describe studies that used NIBS to modulate prefrontal cortex (PFC) function [25] [26] [27] , and demonstrate its causal role in the reconsolidation of episodic memories [27] . We also discuss clinical implications, outstanding questions, and future research directions of such work. Overall, this article will illustrate how NIBS studies complement crucial findings on reconsolidation at the regional cellular level.
Insights from animal models
Extensive studies have been performed in animal models (mainly rodents) to investigate memory reconsolidation. The classical interventions used to modify memory strength through reconsolidation were electroconvulsive shocks [5] and the administration of amnesic agents such as protein synthesis inhibitors [4] . For instance, in a study using the auditory fear-conditioning paradigm [4] , a neutral stimulus (conditioned stimulus; i.e., a tone) was paired with an aversive outcome (unconditioned stimulus; i.e., a footshock). After the memory was consolidated, the protein synthesis inhibitor anisomycin was infused into the lateral basal nucleus of the amygdala shortly after the memory for fear was reactivated by the presentation of the tone alone. In the control group, a vehicle (i.e., inactive variant of the drug) infusion was administered after the reactivation of the fear memory. Memory for fear was tested 24 h later by presenting only the tone. Immobility of the animal (freezing) was used as a measure of the retention of the fear response. The results showed that memory for fear was disrupted in the experimental group, whereas in the control group fear conditioning was still present -as well as in another control group in which the drug was infused without memory reactivation (no tone) -suggesting that indeed the reactivation rendered the fear memory unstable again. Moreover, if the drug was infused 6 h after memory reactivation, there was no effect on memory tested the following day, suggesting a limited time-window during which the memory is unstable following its reactivation [4] .
The hippocampus has also been shown to be involved in reconsolidation mechanisms [11, 17, 28, 29] . For example, intra-hippocampal infusions of the protein synthesis inhibitor anisomycin blocked hippocampus-dependent contextual fear memory, but only if the memory was reactivated before infusion [29] .
Existing memories can be not only weakened but also strengthened through reconsolidation. Some studies have shown memory enhancement during reconsolidation by using different pharmacological agents or modulators that affect the re-stabilization phase [30, 31] . Other studies have addressed the strengthening function of reconsolidation by simply triggering this process without any treatment [28, 32, 33] . Overall, these studies indicate that memory modification through reconsolidation may include changes in memory strength. However, there is also evidence of changes in content. Existing memories can also be updated by the inclusion of new information [16] [17] [18] . This approach capitalizes on reconsolidation as an update mechanism. For instance, during the reconsolidation window, fear memories can be updated and attenuated by extinction training [34] , a manipulation in which the memory for fear is diminished by repeated presentations of the conditioned stimulus without the aversive outcome.
Insights from modifying human memories Until recently human reconsolidation could only be studied using safe pharmacological or behavioral interventions. One influential example of this approach involved administering propranolol (a b-adrenergic antagonist) to understand how fear memory strength can be modified [35] . Subjects were fear-conditioned and the memory was reactivated by the presentation of a conditioned stimulus 24 h later. The authors found that the pharmacological intervention before memory reactivation disrupted the behavioral expression of the fear memory 24 h later and prevented the return of fear. Importantly, propranolol without memory reactivation, as well as the combination of a placebo pill and memory reactivation, did not alter the memory. In addition, the results were replicated with propranolol administered after the reactivation [36] , thereby ruling out the possibility of an effect of the drug on fear reactivation rather than reconsolidation (but see also [37] ). Importantly, this behavioral effect was longlasting [38] and generalized to semantically related stimuli [36, 39] as well as to other contexts [40] . Moreover, a recent functional magnetic resonance imaging (fMRI) study found that impairments in emotional episodic memories induced by propranolol during reactivation were associated with altered amygdala and hippocampus activation [41] . Most interestingly, the same structures were active during memory reactivation, suggesting that the brain areas recruited during reactivation undergo changes in activity that are associated with subsequent changes in memory strength [41] .
Behavioral methods have also been used to understand how the strength of existing memories is degraded through reconsolidation. For example, in one study of procedural motor memory [42] , subjects learned a new motor sequence following reactivation of a previously consolidated original motor sequence memory. A control group learned the new sequence without reactivation of the original motor sequence memory. Memory for the original motor sequence was tested 24 h later. The results showed that the initial improvement achieved when learning the original sequence was reduced in subjects that learned a new motor sequence after reactivation [42] .
Results from a recent behavioral study in motor learning suggest that reactivation length determines the extent of memory degradation [15] . As this study acknowledges, these findings are consistent with work in rodents showing that the length of memory reactivation and extinction training sessions is a factor that determines the extent to which reconsolidation can be blocked [10, 13, 14] .
New learning after reactivation of existing memories can also impair episodic memories for paired associate verbal memory [43] , and for more real-life related materials, such as a movie of a fictional terrorist attack [44] , emotional pictures [45] , or autobiographical memories [46] . In addition, emotional (fearful) faces may also affect the reconsolidation of episodic memories [47] .
Beyond these behavioral modifications of reconsolidation, and in line with early animal work [5, 48] , recent evidence showed that a single application of electroconvulsive therapy (ECT) following memory reactivation in patients with unipolar depression disrupted reactivated, but not non-reactivated, emotional episodic memories [49] . Using a technique that has been applied to treat major depression for decades, this study shows that it is possible to alter episodic memory for emotional experiences during reconsolidation.
Memory strengthening as a result of reconsolidation [33] has also been reported in humans with exposure to stress ( [50] [51] [52] , but see also [53] ), administration of glucose [52] or clonazepam (i.e., a GABAergic agonist) [54] , and repeated presentations of the reminder [55] , a finding in line with animal work using repeated reactivation of existing memories [28] .
In addition to memory weakening and strengthening, reconsolidation can also mediate updating of the memory content [56] [57] [58] . In a series of elegant experiments of episodic memories [56] , subjects learned a new list of objects, either following a reminder of the previously consolidated list of objects or without a reminder. Memory recall for the original list was tested 24 h later. The results showed the inclusion of objects of the second list in the recall of the first list, but only if the original memory was reactivated by a reminder. Thus, the original memory was still expressed, but it was merged with new information presented during reconsolidation [56] . Additional work demonstrated that the exposure to the spatial context where the first list of objects was learned was crucial for memory reactivation [57] . Thus, the role of context in reactivating the memories points to the involvement of the hippocampus, as shown in contextual reconsolidation work in rodents [17, 29] .
On the basis of animal work [34] , a study showed that human fear memories can be updated by allowing the introduction of new information during the reconsolidation window [59] . Subjects who received extinction training during the reconsolidation window showed no return of fear 24 h and up to 1 year later, as measured by skin conductance responses. Importantly, memory for fear was observed in a control group that received extinction training outside the reconsolidation window and, hence, after completed reconsolidation [59] . These results are consistent with animal work using a similar protocol [34] , and were replicated in later studies [60, 61] . Recent findings suggest that, similarly to young memories [59] , older fear memories can also be updated and attenuated using extinction training after memory reactivation [62] . In addition, it has been shown that for labilization of fear memory to occur, new information must be [19] , as demonstrated in animal work [16] [17] [18] , supporting the notion that a function of reconsolidation is memory updating.
Review
Recent human fMRI studies have revealed the brain regions that mediate extinction when it occurs during reconsolidation of fear memories [60, 61] . After a fear memory was formed, subjects who underwent an extinction session during the reconsolidation window showed no return of fear and reduced activation of the amygdala compared to subjects who received the extinction training outside the reconsolidation window [60] . As was previously shown in rodents [34] , fear memory suppression resulting from behavioral disruption of reconsolidation is amygdaladependent in humans as well [60] .
There is evidence that controlling fear memory through extinction does not alter the memory itself, but rather regulates its expression via inhibitory influence of the PFC over the amygdala [63, 64] . A recent study tested the hypothesis that targeting reconsolidation should eliminate the necessity of PFC inhibition by contrasting standard extinction with extinction during reconsolidation [61] . The results indicate that extinction training shortly after the reactivation of fear memories reduced ventromedial PFC (vmPFC) involvement and also altered the functional connectivity between vmPFC and amygdala, relative to extinction training without memory reactivation (i.e., standard extinction). This altered connectivity might play a role in enabling extinction learning to more persistently modify the original fear memory trace within the amygdala [61] .
In conclusion, animal and human evidence reveals that reconsolidation allows changes of the memory strength or mediates updating of the memory content. The idea that memories can be updated by the inclusion of new information through reconsolidation could explain the malleable nature of memory after retrieval that has been extensively documented by cognitive psychology [65] . Memory distortions, such as the misinformation effect (i.e., recall of episodic memories becomes less accurate because of post-event information) [65] , illustrate that memories can be modified. Thus, reconsolidation seems to link cognitive findings in memory research with novel mechanistic insights emerging from systems and basic neuroscience [66] .
Modulating reconsolidation by noninvasive brain stimulation
In recent years the development of TMS and tDCS techniques has created a promising new way to modify human memories and study reconsolidation [20, [67] [68] [69] [70] [71] (Box 1). Whereas neuroimaging techniques (e.g., fMRI) provide correlational data, NIBS techniques allow scientists to establish a causal link between neural processing in a cortical region and a human memory function [20] . Based on stimulation parameters, such as frequency or polarity, and the initial neural activation state of the stimulated area, NIBS applied to a cortical area can impair or enhance behavioral performance [69] . Frameless stereotactic brain navigation systems using each subject's structural MRI data allow mapping of the target for stimulation [70] . Because tDCS and rTMS can induce long-lasting effects, these techniques can be also used as adjuvant strategies for the rehabilitation of neurological deficits and the treatment of psychiatric disorders [72, 73] .
There has been a significant gap in knowledge regarding the systems-level mechanisms underlying human memory reconsolidation. Recent studies combining NIBS and neuroimaging have enabled researchers to identify the functional networks underlying memory reconsolidation. Using a motor sequence learning task, a series of experiments showed that processing in M1 is crucial for successful modification of motor memory strength. This was demonstrated by applying inhibitory repetitive TMS (rTMS) over M1 in humans synchronous with reactivation of the motor sequence memory, which subsequently blocked modification of memory strength [24] . The transient virtual lesion of M1 by inhibitory NIBS [20] resembles a reversible pharmacological lesion used in animal models. This technique allows researchers to temporarily downregulate cortical processing during memory reactivation to neuromodulate the resultant memory.
Although it is important to understand the role of specific brain regions in human memory reconsolidation
Box 1. Noninvasive brain stimulation techniques

Transcranial magnetic stimulation (TMS)
TMS uses electromagnetic induction to induce weak electric fields penetrating the skull, affecting neuronal activity in the stimulated region. Thus, TMS can depolarize or hyperpolarize neurons in the brain [67] . Standard focal TMS coils can stimulate cortical regions and affect indirectly deep regions. Deep TMS coils enable stimulation (although less focal) of deeper brain structures [20, 87] . TMS can be applied not only as single pulses but also as a train of pulses, and in this case is named repetitive TMS (rTMS). rTMS is generally applied for 15-20 minutes and then task performance is measured. This is based on studies showing changes in cortex excitability beyond the duration of the stimulation [20, 70] . To increase the duration of these TMS after-effects, researchers can use a type of stimulation named theta-burst stimulation (TBS) [90] , in which trains at 50 Hz are applied every 200 ms continuously for 40 s (cTBS) or intermittently for 190 s (iTBS). Low-frequency rTMS ( 1 Hz) and cTBS applied to the primary motor cortex decrease motor cortical excitability as assessed by motor evoked potentials (MEPs), whereas high-frequency rTMS and iTBS increase motor cortical excitability [20] . However, these effects can vary, especially for cognitive functions involving nonmotor brain regions, and depending on the initial neural activation state of the stimulated area [70] .
Transcranial direct current stimulation (tDCS)
tDCS is a portable device which uses constant low-intensity current (usually between 1 and 2 mA) delivered directly to the cortical area for a duration of 15-20 minutes via two surface electrodes (i.e., 535 or 537 cm 2 ), anode and cathode [20, 68] , also depending on the initial neural activation state of the stimulated area. One electrode is placed over the target region and the other is more distant. tDCS differs from TMS in that it does not induce neuronal action potentials [68] . tDCS modifies spontaneous neuronal excitability and activity by a tonic deor hyperpolarization of resting membrane potential [68] . Anodal tDCS applied to primary motor cortex generally increases cortical excitability as assessed by MEPs induced by TMS, whereas cathodal tDCS decreases cortical excitability [20, 68] . Anodal tDCS applied to non-motor areas often enhances behavioral performance, whereas cathodal tDCS does not necessarily impair performance [91] .
Transcranial alternating current stimulation (tACS)
tACS is a promising technique by which an alternating current may entrain, in a frequency-specific fashion, the underlying oscillatory activity in cortical networks [92] . In addition to rhythmic rTMS [93] , tACS offers the opportunity to causally link brain oscillations in a specific frequency range to cognitive processes [92] . 8 as described above, the next valuable step is to identify the underlying network-level (inter-regional) brain function. The effects of rTMS not only on human memory but also on fMRI activity and inter-regional functional connectivity have been measured in motor sequence learning. The results revealed a cortico-subcortical neuronal circuitry associated with modification of human procedural memories, suggesting that both regional activity and inter-regional interactions are crucial for motor memory reconsolidation [22] . Previous studies have commonly segregated motor skill learning into two main distinct stages: early learning, in which cerebellar components are more dominant, and late learning, in which striatal components are commonly engaged [74] . Both cerebellar and striatal components are engaged during memory modification. These results suggest that reconsolidation may serve as a mechanism connecting the early and late stages of procedural learning, making skill acquisition possible.
Review
An open question has been whether there are intrinsic task-free signatures of modified memories. It was recently shown using resting-state fMRI that inhibitory rTMS [23] applied in association with a reactivated motor memory altered M1-striatal inter-regional coherence measured at rest the following day (Figure 2 ). The reduction in coherence predicted the magnitude of memory modification. Thus, systems-level brain activity can be modulated by noninvasive interaction with existing memories, and strongly correlates with behavioral measurements of changes in memory strength.
There is also evidence of memory enhancement after neuromodulation of lateral PFC [25] [26] [27] 75] . A recent study used facilitatory anodal tDCS to modulate fear memories [25] . Shortly after memory reactivation, facilitatory anodal tDCS over the right lateral PFC, a region involved in negative affect [76] , enhanced fear memories compared to sham stimulation [25] . In a study involving episodic memory, tDCS was applied over the left lateral PFC [26] , a region crucially involved in encoding of verbal episodic memories [77, 78] . Subjects memorized words in the first session. Three hours later, in the second session, subjects underwent tDCS while the existing memories were reactivated. The results showed that facilitatory anodal tDCS enhanced episodic memory recognition (tested 5 h after the tDCS session) compared to control stimulation conditions such as sham or cathodal (commonly inhibitory) tDCS (Box 1). Importantly, anodal tDCS did not enhance memory performance when applied to the left PFC in the absence of reactivation [26] . Because these tDCS studies [25, 26] did not include the stimulation of a control site, it remains to be determined if this effect is topographically specific.
A TMS study of episodic memory used an experimental design that did include stimulation of a control site [27] . rTMS was applied to the right lateral PFC, a region crucially involved in episodic memory retrieval [78] and reactivation [79] , following a contextual reminder [57] . This resulted in enhanced verbal episodic memory recall 24 h later compared to recall following rTMS of the right PFC without a contextual reminder or to rTMS of a control site (i.e., vertex) after a contextual reminder. This demonstrates the causal role of lateral PFC in strengthening of verbal episodic memories through reconsolidation [27] . Considering the role of hippocampus in contextual reconsolidation [17, 29] , and evidence showing that rTMS affects not only the targeted local region but also induces remote effects in regions (including subcortical) interconnected to the stimulated site [21] [22] [23] , rTMS during reconsolidation in this study might have strengthened the functional connectivity between PFC and hippocampus [80] , and therefore enhanced recollection. However, it is also possible that rTMS enhanced the functional efficacy of the PFC or promoted a feedback process that enhanced hippocampal memory in the absence of lasting change in PFC function or hippocampus-PFC connectivity. Regardless, the combination of TMS with resting-state fMRI may shed light on how functional interactions between remote but interconnected brain regions may support the strengthening of episodic memories through reconsolidation.
Although there is evidence for reconsolidation of episodic memories, it remains unknown whether reconsolidation might change with the age of an individual. To address this question, facilitatory anodal tDCS was used to strengthen verbal episodic memories through reconsolidation in the elderly [75] . Using the paradigm of a previous study [27] , tDCS was applied over the left lateral PFC, a brain region crucially involved in retrieval of verbal episodic memories in older adults [81] . The results showed that anodal tDCS, either preceded by a contextual reminder or not (i.e., same or different spatial context of the learning session [27, 57] ) strengthened existing episodic memories and reduced forgetting for up to 1 month compared to sham tDCS after a contextual reminder. These memory enhancement effects among older adults, observed in both anodal tDCS groups, differ from effects seen in younger individuals [27, 57] . The pattern shown by older adults suggests that their existing memories might have been reactivated by other factors (e.g., the context may have been encoded at a general level but without distinctive detail [82] ), or the contextual reminder might have not been sufficient to trigger memory reconsolidation, as shown in a recent study using the same contextual reminder in older adults [83] . Thus, the facilitation effects might simply be attributable to tDCS over the left lateral PFC without affecting the reconsolidation process. Future studies will be necessary to determine the mechanisms underlying this age difference, the specific reminder cues that trigger reconsolidation in older subjects, and the effects of aging on reconsolidation in different memory domains.
Concluding remarks
Previous experimental approaches in animals and humans have provided insights into reconsolidation mechanisms. More recently, new strategies and tools have uncovered systems-level dynamics of human memories by modulating memory reconsolidation. This exciting new framework of understanding is leading to the development of neuromodulatory strategies for reshaping human memories in health and disease. Such strategies are geared to facilitate or inhibit target brain regions or networks, thus enabling enhancement of memory functions or downregulation of maladaptive memories (Box 2). For this to occur, several outstanding questions remain to be addressed. There is a need to better understand the systems-level correlates of memory reconsolidation across memory modalities (Box 3). In turn, this would enable the development of mechanismbased modulation of reconsolidation using noninvasive brain stimulation, including emerging techniques geared to entrain in a frequency-specific fashion the underlying oscillatory activity in cortical networks (Box 1).
Using these techniques, a window of opportunity is opening to modulate memory reconsolidation, with the potential to facilitate neuroplasticity and learning in
Box 2. Clinical implications
The observation that existing memories can be modified by interventions (i.e., drug treatment, behavioral means, or noninvasive brain stimulation) during reconsolidation opens up the possibility of using these strategies to treat memory disorders. These interventions can be administered to disrupt maladaptive memories (i.e., aversive, appetitive) or strengthen motor skills or episodic memories through reconsolidation.
In one of these studies, patients with post-traumatic stress disorder (PTSD) reactivated the traumatic experience by describing it, after which they received a single dose of propranolol or a placebo. Patients given propranolol showed reduced physiological signs of fear (i.e., skin conductance and heart rate) when they were asked to describe once again the traumatic experience a week later [94] . Replications of these findings are underway [95, 96] .
Preclinical studies indicate that reconsolidation of appetitive (drug) memories may also be disrupted [97] . Post-reactivation extinction training [34, 59] was used to disrupt reconsolidation of drug memories in abstinent heroin addicts [98] , resulting in reduced heroincraving up to 6 months later.
Another potential therapeutic intervention is offered by noninvasive brain stimulation. After initial animal work showing impairment of aversive memory reconsolidation by intracranial electrical stimulation to the insular cortex [99] , a pilot study found that the combination of brief exposure to a traumatic event with repeated medial PFC deep rTMS (Box 1) induced beneficial effects in PTSD patients [100] . In another study using the same technique, nicotine addicts received multiple daily sessions of deep rTMS to the lateral PFC and insula following, or without, presentation of smoking cues. The results showed that high-frequency rTMS reduced cigarette consumption. However, rTMS following smoking cues enhanced reduction in cigarette consumption, leading to an abstinence rate of 44% at the end of the treatment and an estimated 33% after 6 months [87] .
Although these interventions suggest potential clinical applications, further research will be necessary to determine their efficacy. Finally, noninvasive brain stimulation during reconsolidation might also be a novel strategy to delay dementia or enhance memory function after brain lesions. 
